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Overview
• Goal

– Employ multiple 
characterization vectors

– Gain insight into physical 
degradation mechanisms

– Feedback into predictive 
models

– Compare predictions with 
characterization results
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A 21st Century Approach to Reliability

Outline

• Fundamental reliability mechanisms (traps)
• Strain in as fabricated devices + inverse 

piezoelectric strain
• Approach:  Characterization as function of 

systematically applied strain
• Simulation of strain effects on traps and 

reliability
• Summary
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GaN HEMT Reliability Issues-Cause & Effect

GaN AlGaN2DEG

Surface statesBulk traps
AlGaN
barrierBulk

GaN between
source and drain

under 
gate

Cause
• growth-as fabricated

traps
• post-growth process as 

fabricated traps
• hot-carrier injection 

generated traps
• inverse piezoelectric 

strain generated traps

Effect
• current collapse
• gate-lag
• drain-lag
• ΔVT
• increased IG
• light sensitivity
• breakdown
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Biaxial StressUniaxial Stress

Over 1GPa built-in stress has been achieved in Si MOSFETs, 
with the main purpose to enhance drive current. 

As Fabricated Modern Si Devices
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• GaN HEMT wafer samples too small to directly bend in 4-point bending setup
• Solution:  (1) epoxy GaN HEMT wafer sample on high carbon stainless steel

(2)calibrate achieved strain by strain gauge measurements

Strain Setup for GaN Commercial HEMT

GaN HEMT wafer piece

Steel bending plate

64 mm

25
 m

m
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Strain Setup Measurement Technique
• Strain setup requires wire-bond to pads

• Four-point measurement isolates channel 
resistance since Rext comparable to RTOT
– Wide commercial device small channel 

resistance
– Wire-bonding and epoxy large external 

resistance

Rmeas

RTOT

JD

Rext = 5 ΩRTOT

Rmeas

Rmeas = VDS / ID = RTOT + Rext
RTOT = RCH + RS + RD (extracted via 4-point measurement)
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Noise Measurement Setup
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Intercept ≈ -1.2 V 

Gm JD

VDS = 0.1 V

1. Linear extrapolation of intercept
• Effect of Rext

2. Constant RTOT
• 4-point measurement 

removes effect of Rext
• VT defined as RTOT for VGS = 

intercept – mVDS/2; m = 
1+Cd/Cox ~ 1 ideal case [Y. 
Taur, Fundamentals of VLSI 
Decices]

VDS = 0.1 V

RTOT(VGS = VT)
≈ 40 Ω

JD
RTOT

VT ≈ -1.25 V 

VT Measurements
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Single Device Stability

Measurements and exposure to light result in drift due 
to electron trapping and detrapping

Consecutive VGS = -2 to 0 VDS = 0.1 V measurements

Electrical Characterization-Trapping/Detrapping

Gate AlGaN GaN

detrapping

trapping

Gate AlGaN GaN

Large VG pulse
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Various Options to Stabilize Device

initialized by UV light (1 min) 
(measured in dark)

measured under UV light

initialized by VGS = -6 V for 30 s
(measured in dark)

Detrapping

Trapping

Stable

Consecutive VGS = -2 to 0 VDS = 0.1 V measurements

UV light can used as a tool to stabilize 
measurements and study traps
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EC,GaN

ET,max

0

~2

-3.4 EUV (365 nm)
EV,GaN

UV light detraps
most trapped 
electrons

~4 EAlGaN(x=0.26)
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Lateral Defect Probing: Switched S/D Noise
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DC Characteristics of GaN HEMT
Transconductance (VDS=0.05V) IDS vs VDS

0.0 × 100

4.0 × 10-3

8.0 × 10-3

1.2 × 10-2

1.6 × 10-2

-1.5 -1.3 -1.1 -0.9

VGS (V)

I D
S

(A
)

I D
S

(A
)

0

0.02

0.04

0.06

0.08

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

VDS (V)
-0.8-1.4 -1.2 -1.0

0.04

0

0.01

0.02

0.03

G
m

(S
)

Electrical Characterization-Trapping/Detrapping



A 21st Century Approach to Reliability

Approximate DC Parameter Extraction
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Forward Drain Noise Data (Sid) GaN HEMT
Si
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Forward Drain Noise Data (Sid×f)
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Reverse Drain Noise Data (Sid) GaN HEMT
S i
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Noise Decomposition Normal S-D Operation
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Simulation Capability—Band Structure

—Tight binding method.
relatively simple and gives whole band structure
straightforward microscopic picture of how strain affects inter-atomic 

interactions

—k·p method.
semi-empirical parameters for greater accuracy at the Γ point
physical parameters such as momentum-matrix elements and eigen-energies
strain effect incorporated through deformation potential

k·p method used since semi-empirical and more accurate

• effective mass
• mobility enhancement
• threshold voltage shift
• gate leakage change

[Opt Quant Electron, vol. 40, pp. 295, 2008]

Electrical Characterization-Trapping/Detrapping



A 21st Century Approach to Reliability

k·p Method for Wurtzite Crystal
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Deformation potential basis to construct the strain Hamiltonian

[Phys. Rev. B, 54, 2491 (1996)]

The Hamiltonian 
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Conduction Band Deformation Potential

Si Ge

For Si and Ge, accurate Ξd and Ξu can be extracted from gate leakage 
measurement.  Extract deformation potential for GaN.
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[APL, vol. 89, pp. 073509, 2006] [JAP, vol. 102, pp. 104507, 2007]
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(eV) Si Ge

Ξd 1.0±0.1c, 1.1b, 1.2b, 1.13b, 5b, -4.3±0.3a, -4.43b, -12.3~-10.5b, -6.6b,  

Ξu 9.6±1.0c, 10.5b, 8.86b, 9.2b, 7.3b, 9.29b, 16.5±0.5a, 16.8b, 11.07b, 15.13b, 16.2b, 
15.9~19.3b, 

a 2.1b, 2.46b, 2.06b, 2.0b, 1.24b, 2.09b, -12.7b, 1.39b

b -2.33b, -1.5b, -2.1b, -2.2b, -2.12b, -2.35b, -2.58b, -
2.27b

-2.16b, -2.1b, -2.2b, -2.08b, -2.5b, -2.55b, 2.86b, -
3.11b

d -4.75b, -3.4b, -4.85b, -5.3b, -3.69b -6.06b, -3.5b, -4.4b, -3.7b, -4.5b, -5.3b, -4.65b, -
7.0b

(eV) GaN
a -8.16d, -9.2±1.2e, 

D1 0.7d, -20f, -13.9f, -41.4g, -13.87h

D2 2.1d, -14.2f, -13.7f, -33.3g, -10.95h

D3 1.4d, 5.80f, 8.82f, 7.2f, 2,99f, 5.7f, 6.61f, 8.2g, 2.92h

D4 -0.7d, -3.25f, -4.41f, -3.4f, -3.6f, -1.63f, -2.85f, -3.55f, -4.1g, -
5.84h

D5 -2.85f, -3.3f, -2.04f, -4.7g

Variability of Deformation Potential

a [JAP, vol. 102, pp. 104507, 2007]
b [JAP, vol. 80, pp. 2234, 1996]
c [APL, vol. 89, pp. 073509, 2006]
d [PR B, vol. 54, pp. 2491, 1996]
e [APL, vol. 66, pp. 3492, 1995]
f [JAP, vol. 84, pp. 4951, 1998]
g [PR B, vol. 65, 075202, 2002]
h [JJAP, vol. 34, pp. L821, 1995]
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Inverse Piezoelectricity: Strain actuated 
by applied electric field

( )
33

31 33 33 132xx yy z
C

e C e C
ε ε= = Ρ

−

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

xy

zx

yz

zz

yy

xx

z

y

x

eee
e

e

P
P
P

ε
ε
ε
ε
ε
ε

000
00000
00000

333131

15

15

Psp

Pz

Eext

Applied electric field Eext1)

2) Eext Polarization Pz

3) P
z

In-plane strain єxx

Strain Induced by Inverse Piezoelectricity

Under typical HEMT operation bias (VDG~20V), additional strain induced by inverse 
piezoelectricity is around 0.1% (500MPa). [JAP, vol. 84, pp. 4951, 1998]

GaN:                                         
AlN:

31 330.32 0.63e e= − =

31 330.38 1.29e e= − =
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1. Si:  Stress effect on impact ionization rate dominated by mobility
enhancement
GaN:  Δμ and ΔEG are comparable

2. Si:  Stress modifies barrier height
GaN:  ?

3. Si:  Stress reduces trap energy level
GaN:  ?

Stress Effect on Hot Carrier Reliability: Si vs. GaN
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Trap activation energy
1.Charge trapping in high – k and/or interface

ET(σ) < ET(0)         Qot(σ) < Qot(0)
2.Pool-Frenkel Emission

ET(σ) < ET(0)         |IG(σ)| > |IG(0)|

Interface trap generation
Si – H depassivation under 
high temperature and/or bias.

Qot(σ) < Qot(0)

Metal gate High – k Si
SiO2

ET.n(0) ET.n(σ)

ET.p(0) ET.p(σ)

Traps in Si Devices: Where are the Traps?
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Trap and its distribution in AlGaN layer is 
important. How do they behave under stress? 

Traps in GaN HEMT: Effect of Stress?

Expect:  ET(σ) < ET(0) under mechanical stress
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• TDDB on Al-gate 
HfSiON on p-Si MOS 
capacitor decreases 
with tensile stress 

Statistical Study of Stress Effect on TDDB
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Summary and Characterization Plans
• Goal

– Employ multiple characterization vectors
– Gain insight into physical degradation mechanisms
– Feedback into predictive models
– Compare predictions with characterization results

• Stress dependence of electrically and optically 
determined properties of traps
– Stability of single devices
– Impact ionization

• Deformation potentials

• Integration with burn-in, materials analysis, simulation
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